The objective of this study was to establish drought classification maps to simulate and calculate the lack of discharge in the Ba River basin in Vietnam. The maps were established using three meteorological drought indices (the Standardized Precipitation Index (SPI), the Drought Index (J), and the Ped Index (Ped)), the Soil and Water Assessment Tool (SWAT) model, and the hydrological drought index (K Drought ). The results from the calculation of the SPI, Aridity Index (AI), and Ped at three stations (An Khe, Ayunpa, and MDrak) showed that the J index was suitable for the study area. Based on the J index, an extreme drought was predicted to occur at the Ayunpa, An Khe, and MDrak stations. During the calibration process, the SWAT Calibration Uncertainties Program (SWAT-CUP) model, with automatic algorithms, was used to select the parameters to optimize the SWAT model. For the calibration and validation, the observed discharge at two hydrology stations, An Khe and Cung Son, from the periods 1981-1991 and 1992-2002, respectively, were used. The simulated discharge was found to be acceptable, with the Nash-Sutcliffe efficiency (NSE), Percent bias (PBIAS), and R 2 reaching good levels in both calibration and validation. The results from the calculation of the drought index (K Drought ), and the established drought classification maps in 2016, showed that the most affected areas were the communes of the Gia Lai and Dak Lak provinces. The results from the simulation and calculations were found to be consistent with the situation that occurred in practice. The application of meteorological and hydrological drought indices, as well as the hydrological model, to support impact assessments of drought classification in space and time, as well as the establishment of forecasting and warning maps, will help managers to effectively plan policy responses to drought.
Introduction
Drought is a stochastic and recurring natural hazard that has costly and devastating impacts on surface and groundwater supplies, crop production, ecological water quality, electricity production (hydropower), modern industrial production, and waterborne transportation [1] [2] [3] . Wilhite and Glantz (1985) [4] identified four categories of drought: meteorological drought, agricultural drought, hydrological drought, and socio-economic drought. The prediction of drought can play an important role in the mitigation of its effects. In other words, fundamental to mitigating the detrimental effects of droughts is the ability to forecast drought conditions in advance by either a few months or a number of seasons [5] . These studies evaluate drought on a global scale [6] , as well as on regional and local scales [7, 8] . In recent years, drought indices have become a primary option for drought 
Description of the Study Site
The Ba River basin is located within the administrative boundary of 20 districts and one city belonging to three provinces of the Central Highlands, namely Kon Tum, Gia Lai, Daklak, and a coastal province in the South-Central region of Phu Yen, in which there is one district in the Kon Tum province, namely the KonPlong district, and 10 districts in the Gia Lai province, including Kbang town, An Khe, Dakpo, Konch Ro, DakDoa, Mang Yang, Chu Se, Ayun Pa, Krong Pa, and EaPa. The four districts of the Dak Lak province are Ea Hleo, Krong HNang, Eakar, and MadRak, and there are five districts in the Phu Yen province, namely Son Hoa, Song Hinh, Phu Hoa, Tuy Hoa, and Tuy Hoa city ( Figure 2 ). The geographical position of the basin is about 12°55′ to 14°38′ north latitude and 108°00′ to 109°55′ east longitude on the northern borders of the Sesan river basin and the Tra Khuc river, the southern borders of the Cai river basin and the Srepok river, and the eastern borders of the basin of Kon river, the Ky Lo river, and the East sea. The natural area of the basin (including the Ban Thach branch) is 1,413,204 ha.
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Description of the Study Site
The Ba River basin is located within the administrative boundary of 20 districts and one city belonging to three provinces of the Central Highlands, namely Kon Tum, Gia Lai, Daklak, and a coastal province in the South-Central region of Phu Yen, in which there is one district in the Kon Tum province, namely the KonPlong district, and 10 districts in the Gia Lai province, including Kbang town, An Khe, Dakpo, Konch Ro, DakDoa, Mang Yang, Chu Se, Ayun Pa, Krong Pa, and EaPa. The four districts of the Dak Lak province are Ea Hleo, Krong HNang, Eakar, and MadRak, and there are five districts in the Phu Yen province, namely Son Hoa, Song Hinh, Phu Hoa, Tuy Hoa, and Tuy Hoa city ( Figure 2 ). The geographical position of the basin is about 12 • 55 to 14 • 38 north latitude and 108 • 00 to 109 • 55 east longitude on the northern borders of the Sesan river basin and the Tra Khuc river, the southern borders of the Cai river basin and the Srepok river, and the eastern borders of the basin of Kon river, the Ky Lo river, and the East sea. The natural area of the basin (including the Ban Thach branch) is 1,413,204 ha. 
Standardized Precipitation Index (SPI), Aridity Index (AI), and Ped Index
McKee et al. (1993) [18] developed and introduced the SPI for the purpose of identifying and monitoring drought events using monthly rainfall data. It is intended to identify drought periods, as well as the severity of droughts, at multiple time steps, such as at 1, 3, 6, 9, and 12. However, the objective choice on the best time step may depend on the purpose of the drought analysis. As reported by the World Meteorological Organization (WMO), the SPI is based on the probability of precipitation for any timescale. The SPI is used extensively in various parts of the world [48] [49] [50] [51] [52] . Scientists appreciate the flexibility of the SPI, and it is used in national institutes, universities, and meteorological and service centers around the world as part of drought warning and forecast systems [53] [54] [55] [56] [57] . The advantages of the SPI are that its only input parameter is precipitation, it can be calculated for different time periods, it can provide early warning information, and it can be used to assess the severity of drought. However, continuous long-term data from the period 1981-2016 are 
McKee et al. (1993) [18] developed and introduced the SPI for the purpose of identifying and monitoring drought events using monthly rainfall data. It is intended to identify drought periods, as well as the severity of droughts, at multiple time steps, such as at 1, 3, 6, 9, and 12. However, the objective choice on the best time step may depend on the purpose of the drought analysis. As reported by the World Meteorological Organization (WMO), the SPI is based on the probability of precipitation for any timescale. The SPI is used extensively in various parts of the world [48] [49] [50] [51] [52] . Scientists appreciate the flexibility of the SPI, and it is used in national institutes, universities, and meteorological and service centers around the world as part of drought warning and forecast systems [53] [54] [55] [56] [57] . The advantages of the SPI are that its only input parameter is precipitation, it can be calculated for different time periods, it can provide early warning information, and it can be used to assess the severity of drought. However, continuous long-term data from the period 1981-2016 are used to compute the SPI; it does not allow for missing data. The complete procedure for the estimation of the SPI is available in Edwards and Mckee (1997) [58] .
The aridity indices have been reviewed by Walton (1969) [59] and Stadler (2005) [60] . The simplest aridity index is based solely on precipitation. A commonly used rainfall-based definition is that an arid region receives less than 10 inches or 250 mm of precipitation per year. This criterion for aridity was used by the Intergovernmental Panel on Climate Change [61] . Semiarid regions are commonly defined by an annual rainfall of between 10 and 20 inches (250 and 500 mm). United Nations Educational, Scientific and Cultural Organization (UNESCO) (1979) [62] provides an aridity index (AI) based on the ratio of annual rainfall (P) to the rate of potential evaporation (ET p ), as follows:
where ET p is calculated by the Penman (1948) [63] formula. Warm arid areas have a low P, a high ET p , and very low AI values. Because ET p data may not be available, the use of the AI is limited by UNESCO. De Martonne (1926) [64] provided a drought index (J), instead of using temperature as a function of ET p , as follows:
The above formula applies to the J index, calculated for a one-year period, where P i is the i-th total monthly rainfall, and T i is the i-th monthly average temperature. The J index can be expressed by the following formula:
However, to calculate the J index for each month, this formula can be used flexibly as follows:
The above equation is suitable for a temperature T greater than −9.9 • C. The Ped index, introduced by Pedey [65] , and used to determine drought, is used at the Hydro-Meteorological Centre of Russia. The advantage of this indicator is that it is easy to classify weather conditions (drought or wet weather) ( Table 1 ). The formula is calculated as follows:
where P is the total annual rainfall (mm); P i is the i-th monthly average rainfall (mm); T is the monthly average temperature ( • C); ∆T is the deviation in air temperature ( • C); ∆P is the deviation in precipitation (mm); σ T is the standard deviation of the temperature ( • C); σ P is the standard deviation of the precipitation (mm); and ET p is the rate of potential evaporation. Drought will occur when the temperature increases, and precipitation falls sharply. The Ped index depends on temperature and precipitation variations. Positive values of Ped correspond to a dry weather or a warmer temperature regime, while negative values of Ped correspond to wet weather. In order to easily analyze and compare the results, this study set the thresholds for determining the drought ability for the three indices J, SPI, and Ped to those shown in Table 2 . [66] for the simulation of a series of physicochemical processes in a watershed. The SWAT is a conceptual-distributive model that was initially designed for large basins and has gradually been expanded to various applications. The SWAT model consists of three main components, namely model inputs, model outputs, and the model's main program. The SWAT model includes nine main parameters and about 22 secondary parameters, which simulate six hydrological and biological variables and processes [34] . In this model, each basin is divided into many sub-basins, and each of the sub-basins is divided into many Hydrologic Reaction Units (HRUs), which are homogenous from the viewpoint of the land use and soil features.
The SWAT model is widely applied for runoff and water quality modeling in changing scenarios [67] [68] [69] [70] [71] . The SWAT model has been used for simulation of the river flow in the Qareh Sar sub-basin in the northwest of the Karkheh River and showed a higher sensitivity for the curve number parameter [72] . The SWAT model was also used to simulate the monthly average discharge at the Emameh basin, one of the sub-basins of the Jajerood river [73] , and the results showed that the model has a high sensitivity to the roughness of the land surface. The SWAT model was also calibrated for the Atrova river basin in Kaneon, with an area of 1680 km 2 [74] . The calibration results of the daily and monthly flows were satisfactory, and the results showed that the model has a good performance in terms of flow prediction. In this paper, the SWAT model was applied to simulate the flow and to evaluate the lack of flow, as well as the hydrological drought, at the study site.
The Hydrological Drought Index (K Drought )
In order to assess the extent of drought in the study area over time and space, it is necessary to develop a drought map of the river basins in the study area. The research method in this paper is based on the calculation of drought indices for sub-basins, with the potential evapotranspiration calculated by the Penman-Monteith model, the average rainfall determined by the Thiessen polygon method, and the average flow of sub-basins based on the following formulas:
where K 1 is the dry coefficient, which indicates the level of meteorological drought; K 2 is the water discharge of the dry coefficient, which indicates the abundance level of water resources at some time of the year; X is a month's precipitation; ET p is the potential evaporation; Q j,i is the average water discharge during the j period of year i; Q i is the average water discharge of the year i; and Q 0 is the average water discharge over many years. Thus, K drought is an index that indicates the classification of a drought (both dry weather and drought) in terms of the occurrence and the place. The K drought is calculated for each meteorological station located in the basin or adjacent to the basin. It is determined when K 1 and K 2 are simultaneously positive. Criteria for the classification of the term are based on actual developments over years (Table 3 ) [75] . Table 3 . Definition of the state of hydrological drought indices.
State
Criterion Description
SWAT Model Setup
The SWAT model requires different input data. However, not all input data are required, and some unnecessary data may be ignored in some specific cases. In general, the process of setting up the SWAT model for any application consists of six steps: (1) data preparation, (2) basin identification, (3) hydrologic unit definition, (4) entering of the input data, (5) running of the model, and (6) 
Evaluation Model
Nash-Sutcliffe efficiency (1970) (NSE) [76] is the most common, and a highly reliable, method for evaluating the analytical power of hydrological models. It is represented in Equation (7) . NSE values range between 0 and 1. According to Andersen et al. (2001) [77] , NSE values between 0.50 and 0.95 represent a good simulation result. It is worth mentioning that a subset of these statistics has been and is being used in studies on model evaluation, with the use of NSE as the most common tool in most studies [78] .
Gupta et al. (1999) [79] reported that the pecent bias (PBIAS) is a type of statistical error analysis that quantifies the likelihood that simulated model values will overestimate or underestimate the observed data. PBIAS can be calculated using Equation (8) .
This can be described as the square of the correlation coefficient [80] . The equation representing R 2 is presented in Equation (9) . The coefficient of determination (R 2 ) values range from 0 to 1, which illustrates how the distributed observed variables are described by the simulation. Simulated values equal to 1 represent a perfect distribution between the observed and simulated model values, while values equal to 0 signify no correlation. One major disadvantage of R 2 is that there will be ambiguity in the results if the model underestimates or overestimates the results [81] . This can easily be sorted out by comparing visually the observed and simulated results [82] .
where Q Sim is the simulated discharge at time t = i; Q Obs is the observed discharge at time t = i; Q Sim is the average simulated discharge; Q Obs is the average observed discharge; and N is the number of observations. Figure 3 shows the frequency distribution of the three indices J, SPI, and Ped at the An Khe, Ayunpa, and MDrak stations, which are typical for the Central Highlands. Among these, index J shows a different trend as compared to the other two indices. In particular, the J index for the frequency of drought is clearly limited in the months with frequencies greater than 50% and less than 50%. Meanwhile, the SPI and PED indices for the 12-month term are common in the range of 20-50%. Specifically, for index J, at the An Khe station, the highest frequency of occurrence occurs from January to April, ranging from 83 to 100%. At the Ayunpa station, the largest frequency of drought lasts from December of the previous year to April of the following year and varies from 63% to 100%. The MDrak station is similar to the An Khe station, with the largest frequency of droughts in the first four months of the year, from 64% to 94% (Table 4 , Figure 4 ). J  100  100  100  69  19  44  31  11  6  17  42  92  Ped  19  19  42  39  36  44  31  25  25  28  25  22  SPI  0  0  50  33  36  39  33  36  33  33  42  17   MDrak   J  78  94  83  64  14  33  31  42  0  0  3  17  Ped  19  25  31  28  25  25  28  22  25  31  19  22  SPI  42  39  42  31  31  33  31  44  36  39  39  33 Hydrology 2019, 6, x FOR PEER REVIEW 10 of 23 Figure 3 shows the frequency distribution of the three indices J, SPI, and Ped at the An Khe, Ayunpa, and MDrak stations, which are typical for the Central Highlands. Among these, index J shows a different trend as compared to the other two indices. In particular, the J index for the frequency of drought is clearly limited in the months with frequencies greater than 50% and less than 50%. Meanwhile, the SPI and PED indices for the 12-month term are common in the range of 20-50%. Specifically, for index J, at the An Khe station, the highest frequency of occurrence occurs from January to April, ranging from 83 to 100%. At the Ayunpa station, the largest frequency of drought lasts from December of the previous year to April of the following year and varies from 63% to 100%. The MDrak station is similar to the An Khe station, with the largest frequency of droughts in the first four months of the year, from 64% to 94% (Table 4 , Figure 4 ). Thus, the J index best reflected the frequency of drought in accordance with the climate pattern in the Central Highlands region. In particular, the drought was mainly concentrated in the winter Thus, the J index best reflected the frequency of drought in accordance with the climate pattern in the Central Highlands region. In particular, the drought was mainly concentrated in the winter months, with the highest occurrence from January to the end of April over 60%. It was also the period when the Central Highlands region was dominated by the northeast to east wind field, from the dry continental high-pressure margin from the north, combined with the high-altitude currents of the Western Pacific subtropical system. Therefore, it was less likely to rain.
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Drought Classification with the J, SPI, and Ped Indices
The frequency of drought classification based on the three indices indicates that, for the An Khe station, the J index shows a larger proportion, accounting for 15.7%, while the remaining indices (Ped and SPI) are only approximately 2.3%. At the Ayunpa station, the frequency of extreme drought, according to the J index, also accounts for approximately 30%, and the remaining two indices are 2.8% and 1.4%, respectively. The same is true for the MDrak station, although the frequency of extreme drought is not very high, at approximately 9%. However, it accounts for more than the Ped and SPI indicators. In addition, if the drought classification is based on the medium term, the J-index also shows a higher frequency than that of the other indicators, at 22.2% at the An Khe station, 13.7% at the Ayunpa station, and 19.7% at the Dak Lak station (Table 5, Figure 5 ). The results of the calculation of the drought classification at typical stations in the Central Highlands region show that index J is the most suitable choice in this area. In addition, considering the J index, a period of extreme drought will occur at the Ayunpa station, then at the An Khe station, and, finally, at the Dak Lak station. months, with the highest occurrence from January to the end of April over 60%. It was also the period when the Central Highlands region was dominated by the northeast to east wind field, from the dry continental high-pressure margin from the north, combined with the high-altitude currents of the Western Pacific subtropical system. Therefore, it was less likely to rain.
The frequency of drought classification based on the three indices indicates that, for the An Khe station, the J index shows a larger proportion, accounting for 15.7%, while the remaining indices (Ped and SPI) are only approximately 2.3%. At the Ayunpa station, the frequency of extreme drought, according to the J index, also accounts for approximately 30%, and the remaining two indices are 2.8% and 1.4%, respectively. The same is true for the MDrak station, although the frequency of extreme drought is not very high, at approximately 9%. However, it accounts for more than the Ped and SPI indicators. In addition, if the drought classification is based on the medium term, the J-index also shows a higher frequency than that of the other indicators, at 22.2% at the An Khe station, 13.7% at the Ayunpa station, and 19.7% at the Dak Lak station (Table 5, Figure 5 ). The results of the calculation of the drought classification at typical stations in the Central Highlands region show that index J is the most suitable choice in this area. In addition, considering the J index, a period of extreme drought will occur at the Ayunpa station, then at the An Khe station, and, finally, at the Dak Lak station. Table 6 shows the year-end statistics according to the J index. The highest occurrence of drought occurred in December 2013, and all three stations experienced extreme drought. In 2016, the drought appeared at two typical stations: An Khe and Ayunpa in March, especially during the period from January to March at the Ayunpa station. In 2006, the term only appeared at the Ayunpa station in January and February. Based on the statistics and an analysis of very severe drought years in the period of 1981-2016 for index J, 2016 was a typical year to simulate assessments and develop a distribution map. Table 6 . Statistics of the years of extreme drought in the period 1981-2016, with index J ≤ 5.
Statistics Concerning the Greatest Number of Drought Years with the J Index
Station January February March April
An Khe 1993 1982 , 1983 , 2000 1984 , 1988 ,1996 , 2016 1986 Ayunpa 1986 , 1987 , 1990 , 1993 , 1998 , 2002 , 2005 , 2016 1982 , 1992 , 1993 , 1994 , 2003 , 2005 , 2015 , 2016 1983 , 1988 , 1996 , 1998 [84] . However, the automatic calibration process uses the SWAT Calibration Uncertainties Program (SWAT-CUP) software, with automatic algorithms that match the instability values. The adjustment process was performed separately for each hydrological station, with the principle of adjustment from the upstream station to the downstream station.
To assess the appropriateness between the results and measured values, the hierarchy of Moriasi et al. (2007) [82] shows that the results from a simulation of the SWAT model for the Ba river basin are relatively good (Figure 6 ). The NSE values ranged from 0.72 to 0.75; the R 2 values ranged from 0.67 to 0.80; and the PBIAS values ranged from 0.45 to 0.68, with a high evaluation (PBIAS < ±10%). The results of the evaluation of the calibration and validation process are presented in Table 7 . After revising and verifying the SWAT model and finding the model parameters that were suitable for the basins over which we performed calculations, a simulation of the dry season flow in the selected year was conducted to assess the study area (Table 8) . During the calibration process, the SWAT-CUP model with automatic algorithms was used for unstable parameters. We used the year 2016 in the simulation of a typical year, and the balance components, such as the potential rainfall, evaporation, and waterflow, were extracted from the model for the calculation of the index in the basin.
Establishment of Drought Classification Maps
The water balance components, such as the potential rainfall, evaporation, and water flow, were extracted from the model to calculate drought index in the basin. Based on documents concerning the potential vapor evaporation, rainfall, and monthly average water flow from 1981 to 2016, the dryness index and the drought index were calculated according to the formula given in Section 2.4. The results of the calculation and development of partition maps of dryness and drought for 43 sub-basins from 1981 to 2016 are shown in Figure 7 . Through the process of analyzing, evaluating, and synthesizing data on Central Vietnam, a relatively extreme drought was found to have occurred in 2016; so, the study conducted the simulation using the 2016 data, and calculated the K drought and developed a partition map of drought in 2016 for the Ba river basin. Figure 8 shows the results of the K 1 , K 2 , and K Drought indices of the map of the Ba river sub-basins in 2016. Figure 8 show that, in 2016, drought mostly occurs in the area of the Ba river basin, and the drought took place from January to April. It can be seen that many severe droughts have occurred in some of the sub-basins in the study area, and the most affected areas are the communes of the Gia Lai and Dak Lak provinces. The results of the simulation are consistent with the data on the actual situation. Thus, the hydrological model can be effectively applied to support the process of assessing the impact of drought through space and time as well as to develop drought warning maps to help managers to plan policies to deal with drought in the future. It can be seen that the application of the model to assess the impact of drought on the study area through space and time is effective and meaningful, especially in the context of climate change, which increasingly affects Vietnam in general and the central coastal areas in particular.
Conclusions
In this study, we established, combined, and applied drought classification maps of the Ba River basin in Vietnam using meteorological drought indices (SPI, J, and Ped), a hydrological model (SWAT), a hydrology drought index (K Drought ), and Geographic Information System (GIS) tool. The major findings can be summarized as follows:
(1) The J index best shows the frequency of drought in accordance with the climate patterns in the Central Highlands, in which the drought was mainly concentrated in the winter months, and the highest frequency was concentrated from January to the end of April, with a frequency of over 60%. The results show that the SWAT model can be applied to simulate the outflow of sub-catchments during the dry season in the study area, with good results from the calibration and verification of the model. The simulation results of the SWAT model will provide and fully supply the necessary data to calculate the hydrological drought index of the study area. Drought classification maps, based on the results of the calculation of the drought index (K Drought ), have yielded a number of assessments of drought impacts on the study area in a spatial and temporal scope.
For a future study, it is recommended that the uncertainty in the meteorological drought index and the hydrological modeling (SWAT) be improved, as follows:
(1) Drought in the Central region is related to the moisture regime. Therefore, future research should calculate additional related indices to soil moisture, such as the Palmer Drought Severity Index (PDSI) and the Crop Moisture Index (CMI). (2) The number of calibrations and validations in the SWAT model is low. This number may not be sufficient to evaluate the adequacy of the model in the study area. 
